Abstract: Nowadays, there exist several platforms or experimental prototypes of aerial vehicles, most of them being specific for certain applications. The implementation of the control laws is, in most cases, restricted to certain criteria and pre-established conditions defined by the commercial system (or the builder). In this paper, a new generic platform operating under Linux environment and composed by the XtratuM and Partikle systems is introduced. Analyze, evaluate and improve the performance of future control embedded systems are the goals of the proposed platform. The platform is composed of a ground control unit (GCU) and an aerial semi-autonomous system. The GCU allows the execution of the control algorithms over different real-time operating systems (RTOS). The aerial system consists in a mini-helicopter with four motors equipped with sensors to measure its orientation and/or its position. In addition, a structure with the shape of a spinning top has been added to allow movements in 2D at a certain distance of the ground, minimizing the "ground effect". To validate the platform, some experiments stabilizing the orientation and the altitude of the aircraft have been executed in free flight. The experimental results, show the good performance of the proposed control scheme as well as the platform robustness.
INTRODUCTION
An Unmanned Aerial Vehicle (UAV) is, usually, controlled by an embedded system. This system uses the information obtained from several sensors, like Integrated Measurement Units (IMU), cameras, radars, lasers, infra-red or ultrasound sensors, etc., to be able to navigate through an unknown environment, see Borenstein (1992) and Simons (1987) . Its applications are multiple and they extend to several fields, from military or civil (fire detection, rescue missions frontier control, surveillance of highways and roads,weather forecast, etc) to commercial (agriculture, fishing, logistics, surveillance of rail tracks and electrical networks, aerial security, etc), see Castillo et al. (2005) .
In many applications, Vertical Take-Off and Landing (PV-TOL) vehicles, also known as rotorcraft vehicles, are preferred over fixed wing vehicles because of their higher manoeuvrability. Also, they require less launching and landing support compared to fixed wing vehicles. Tasks such as exploration of unknown territories, formation flying, intelligence gathering, etc, require rotorcraft UAV to be capable of flying very close to other flying or stationary ⋆ This project has been financed with funds belonging to the project DPI 2008-06737-C02-01 from Spanish Government, PROMETEO-2009-0268 of the Generalitat Valenciana, and the mobility program of the Universidad Poltécnica de Valenica PAID-02-09.
objects. Different configurations of VTOL vehicle including tail rotor helicopter, co-axial double rotor helicopter, ducted fans, tilt rotors, quadrotor, etc, have been developed so far. The quad-rotor is the more popular VTOL rotorcraft. This type of aerial vehicle attempts to achieve stable hovering and precise flight by balancing the forces produced by the four rotors. In addition, quad-rotors are highly manoeuvrable, which enables vertical take-off and landing as well as flying into hard to reach areas. This aerial configuration has allowed the development of different platforms for research, games or educational purposes.
Nowadays, there exist several platforms or experimental prototypes of aerial vehicles, most of them being specific for certain applications, see Quanser (2007) , Raffo et al. (2009), López-Martínez and Rubio (2004) , García-Sanz et al. (2006) , López-Martínez et al. (2001) , Balderud and Eilson (2002) . In those systems the implementation of the control laws is, in most cases, restricted to certain criteria and pre-established conditions defined by the commercial system (or the builder). If the prototype has been developed with an embedded control system, this has been usually implemented in a cyclic algorithm without defining specific systems priorities, see Acosta et al. (2004) , Raffo et al. (2009 ), Sanahuja (2010 and Lozano (2010) . In all the previous cases, these experimental systems are limited by the software control and restricted to use a predefined operative system. A crucial problem, when working with embedded control systems, is the lack of a non commercial platform to validate and/or evaluate both the control strategy (before being implemented in the microprocessor) and the sensors and their electronic circuits. This pre-validation allows, among other functions, to save a lot of time in the controller parameters tuning. In the same way, this kind of platform, could be used to analyze, visualize and detect possible failures of the vehicle control system, when faced with aggressive perturbations, and be able to avoid possible material losses. In our knowledge, there is no any generic platform of this kind, allowing the interchange and/or implementation of different operative systems and, at the same time, being able to adjust, on-line, different control strategies.
In this paper, a new real-time platform for the development and validation of control algorithms in unmanned aerial vehicles is presented. The main features of the platform are: the real-time validation of control schemes by respecting tasks priorities, its capacity and versatility to operate with several O.S., its adaptability to change different controlled systems and its manoeuvrability to online modify the control parameters. More characteristics of the platform are given in section 2.
In order to validate the test-bed the real-time stabilization of a helicopter with four rotors has been realized. The dynamic model of this helicopter is analyzed in section 3. A nonlinear control law based on saturation functions is proposed and the Lyapunov analysis is used to ensure the helicopter hovering. The procedure of this technique is reminded in section 4. The performance of the proposed platform has been illustrated when the helicopter makes hovering. These results are presented in section 5. Finally, conclusions are discussed in section 6.
EXPERIMENTAL PLATFORM
The proposed platform is composed of a ground control unit (GCU) and an aerial system. The GCU has been developed using the Hypervisor XtratuM (see Xtratum (2009)). Its main characteristic is allowing the concurrent Fig. 1 . Experimental Platform. execution of different operative systems. The aerial system, is composed of a mini-helicopter, an inertial sensor, employed to measure the vehicle's orientation, and a group of infrared and ultrasound sensors for measuring the altitude, see Figure 1 . Additionally, a spinning top structure has been developed to carry out the adjustment of the parameters of the control algorithms, in an easy and safe way before the validation procedure. In the follows, a detailed description of each component and its specific mission are given.
Ground Control Unit -GCU
We define the ground control unit as the computer where the different control algorithms, the operative systems and the peripheral equipment (receiver/transmitter) will be implemented, measured, manipulated and executed.
The computer is essentially an Intel Pentium Dual Core and it has a PCI bus connected to the data acquisition card PCI 1440 of the company PMC (PMC -Motion Control (1987) ). The PCI card is plugged in a peripheral potential amplifier to regulate the control signal before being sent to the helicopter by the radio transmitter. The radio transmitter is a Futaba of 6 channels and it is only used to transmit the signals to the embedded unit in the mini-helicopter (Futaba (2006)).
For our application, to measure the attitude of the helicopter, a wireless IMU is used being connected by a USB port to the GCU. Likewise, a joystick is also plug in the computer in order to manually control the helicopter. It is important to remark that it is also possible to include more external peripherals, if it is considered necessary.
Real-Time Operative System
The Ground Control Unit uses an open standard Based RTOS, with a combination of Rt-Linux, XtratuM and PaRTikle systems. The use of Xtratum, like a Hypervisor, and Rt-Linux and PaRTikle, as O.S., provides the capacity test to execute the control strategies in different systems.
XtratuM is designed as an hypervisor for embedded devices and provides a framework to run multiple concurrent operating systems in a robust partitioned environment (Masmano et al. (2009a) ). Also, XtratuM is defined as an open source nanokernel (OpenSourceInitiative (2009)), that just implements two simple device drivers: interrupt and timer. Likewise, XtratuM can be considered as a small subset of the lowest operating system layers that can meet the hard real-time system requirements: fast, compact, portable, simple and predictable.
On the other hand, PaRTiKle is an embedded real-time operating system, distributed under the terms of the GNU Public License (Peiro et al. (2009 ), Masmano et al. (2009b ). It provides features such as full preemptability, minimal interrupt latencies, synchronization primitives, scheduling policies and interrupt handling mechanisms needed for critical applications with hard real time constrains.
RTLinux or RTCore is a hard realtime RTOS microkernel that runs the entire Linux operating system as a fully preemptive process. RTLinux was based on a lightweight virtual machine where the Linux "guest" was given a virtualized interrupt controller and timer -and all other hardware access was direct. From the point of view of the real-time "host", the Linux kernel is a thread. In addition, interrupts, needed for deterministic processing, are processed by the real-time core, while other interrupts are forwarded to Linux, which runs at a lower priority than realtime threads.
It is well known that certain values of the jitter can degrade the control performance and in extreme cases even cause instability of the closed-loop system, see (Stothert and MacLeod (1998) , Shin and Cui (1995) ). Jitter represents the deviation in or displacement of some aspect of the pulses in a high-frequency digital signal. Jitter can cause a display monitor to flicker; affect the ability of the processor to perform as intended; introduce clicks or other undesired effects in audio signals, and loss of transmitted data between network devices. Electromagnetic interference (EMI) and crosstalk with other signals are among the causes of jitter.
A real-time analysis of the proposed O.S. is done in order to prove the robustness and to verify the behavior of some important parameters like latency, jitter and bandwidth. Figures 2 -4 show the jitter performance for Linux OS, Linux RT and PaRTiKle OS under processor stressed conditions (video visualization programs).
Notice that, the better jitter behavior is obtained by PaRTiKLe, whilst in Linux OS the jitter is longer. These results can be observed in Table 1 where a statistical analysis of data displayed in the previous figures has been done. Remember that, in a hard real-time system the jitter is typically on the order of a microsecond to a few tens of microseconds, and usually, the critical jitter value is related with the scheduling period required for a control task. The tighter deadlines are the more significant is the impact of the timing jitter.
Flight Autonomous System
The free flight autonomous system is composed of the mini-helicopter, the sensors and a spinning top structure. The helicopter is from X-UFO company having four rotors controlled in velocity. For more details see Xufo (2002) . The onboard control system in the helicopter was inhibited in order to use it only like an interface to distribute the control signals to the rotors.
To measure the orientation and the angular rates of the helicopter, inertial sensors (IMU) were used, see (MicroStrain (2007) ). This IMU uses the wireless connection and the wireless receiver is plugged in the GCU to get the attitude measurements. On the other hand, to estimate the altitude of the helicopter, several infra-red and ultrasound sensors were employed. These sensors are connected to a microcontroller that sends the information to the GCU using also wireless connection. Likewise, to tune easily the control parameters and to avoid damage with the helicopter and sensors a spinning top structure has been designed, see Figure 5 . This structure allows evolving the helicopter in 2D with minimum ground friction (only one support point with sliding surface), in addition, the size of the structure is such that it minimizes the well known ground effect. Moreover, the interpolation of the control parameters for those who are in the free flight mode is simpler due to the lightness of the structure.
DYNAMIC MODEL
The quad-rotor is a useful testbed for learning about aerodynamic phenomena in flying machines that can hover. This helicopter presents several advantages compared to the conventional helicopters, because the gyroscopic and aerodynamic moments in trimmed flight tend to be canceled, due to that the front and the rear motors rotate counter-clockwise, while the other two motors rotate clockwise.
The force produced by motor i is proportional to the square of the angular speed and the main thrust applied in the z-axis (u = uk), is the sum of the individual thrust of each motor. The pitch movement is obtained incrementing/reducing the rate of the front motor and reducing/incrementing the rate of the rear motor. The roll movement is obtained in a similar way using the lateral motors. The yaw movement is obtained incrementing/reducing the rate of the front and rear motors while the rate of the rear motors is reduced/incremented.
The dynamical model of the quad-rotor helicopter is well known and studied in the literature (see Fantoni and Lozano (2002) , Castillo et al. (2005) , Lozano (2010), Pounds and Mahoney (2002) and Gäfvert (2001) ). This model can be obtained using the Newton-Euler's or the Euler-Lagrange's or the Quaternions' approach. In our study, we only describe the more important parts to conceive the nonlinear model. In addition, this mathematical description will be obtained by representing the helicopter as a solid body evolving in a three dimensional space and subject to external forces and torques.
Let us define the position and the orientation of the rotorcraft by ξ = (x, y, z) ∈ R 3 and η = (ψ, θ, φ) ∈ S 3 , respectively. Thus, the generalized coordinates of the helicopter can be represented as q = (ξ, η) ∈ R 6 .
The nonlinear dynamic model is obtained from EulerLagrange equations with external generalized forces
where Ru denotes the translational force applied to the rotorcraft due to main thrust, R defines the rotational matrix R(ψ, θ, φ) ∈ SO(3) representing the orientation of the aircraft relative to a fixed inertial frame, τ represents the yaw, pitch, and roll moments, and L is Lagrangian equation that is composed of the kinetic and potential energies. Moreover, L is defined by
Tξ is the translational kinetic energy,
T I Ω is the rotational kinetic energy, U = mgz is the potential energy of the aircraft, z is the rotorcraft altitude, m denotes the mass of the quad-rotor, Ω is the vector of the angular velocity, I is the inertia matrix, and g is the acceleration due to gravity. The angular velocity vector Ω resolved in the body fixed frame can be related to the generalized velocitiesη (in the region where the Euler angles are valid) using the standard kinematic relationship; Ω = W ηη , with W η is a transformation matrix, more details see Goldstein (1980) . After some simple algebraic manipulations and assuming small angles the following result is obtained
φ =τ φ (1f) where x and y denote the helicopter's position in the horizontal plane whilst z represents the vertical position, ψ is the yaw angle around the z axis, θ is the pitch angle around the y axis, φ is the roll angle around the x axis. The control inputs; u,τ ψ ,τ θ yτ φ are the main thrust and the angular moments (pitch, yaw and roll), respectively.
CONTROL ALGORITHM
The main goal of this paper is to show the performance and the robustness of the proposed platform when controlling a system with fast dynamic where loosing the information of one sampling period could be critical. For our study, we are interested in controlling the attitude dynamic of the helicopter. Notice from (1) that these dynamic equations are represented by two integrators in cascade and the stabilization of this system has been deeply studied in the literature, see for example Teel (1992a,b) ; Sussmann et al. (1994); Teel (1993) ; Lin and Saberi (1993) ; Marconi and Isidori (2000) ; Grognard et al. (1999) ; Sussmann et al. (1994) and Castillo et al. (2005) .
Recently, Sanahuja et al. (2009) have improved the previous results to stabilize n integrators in cascade using saturation functions for each state. This method is based on the idea of easy control parameters tuning in real-time application. Thus, the control strategy executed in the experiment is obtained as a particular case of the control law proposed in Sanahuja et al. (2009) .
Then, it follows that
where k dγ , k pγ , ζ γ2 , ζ γ1 are positive constant, γ d is the desired value and f sat is the saturation function defined as
To ensure the convergence to zero, the next inequalities have to be validated, see Sanahuja et al. (2009) 
Introducing (2) into (1d), (1e) and (1f), it follows thaẗ γ,γ → 0 y γ → γ d , ∀ γ = ψ, θ, φ.
EXPERIMENTAL RESULTS
One of the main achievements of this work is the experimental validation of the developed platform. Several experiments have been designed and executed in order to know the performance of the platform. The application is developed in two steps; first, the goal is to stabilize the orientation of the helicopter close to the floor (the maximum distance will be the height of the spinning top structure). In this part, the control parameters will be adjusted. Once this task completed, the helicopter will receive more 'gas' in order to make it hover.
Stabilization of the mini helicopter in the spinning top configuration
The spinning top structure was developed in order to on-line easily tune the control parameters. For security reasons, the pitch and roll angles were firstly stabilized.
The desired values for pitch and roll angles were
• . Once these tasks were completed, the yaw values were tuned. At first, ψ d = 0, when the yaw control parameters were computed, a new experiment was carried out with different desired values for the yaw angle using the following sequence
• 40s ≤ t < 45s −20
• 45s ≤ t < 53s 0
• 53s ≤ t < 83s 40
• 83s ≤ t < 88s −20
The control parameters values are shown in Table 2 . Notice that these gains do not assure the fulfilment of condition (4b). The helicopter contains an electronic circuit board with three gyros introducing a gyro stabilization damping into the system enabling the quad-rotor to be manually controlled. Deactivation of these components means degradation of the dynamic performance of the vehicle in such a way that it is almost impossible for a pilot to manually control the rotorcraft. However, gyro stabilization represents only an angular speed feedback, k dγ , which is accomplished by adding it to the derivative control gain, k dγ , generating a total derivative gaink d +k dγ in the controller. On the other hand, the good performance of the controller when controlling in real-time the orientation of the helicopter can be observed in Figures 6 -8 . Notice from Figure  8 the good behavior of the proposed control scheme when changing the desired values in the yaw angle.
Note also the good performance of the proposed platform from this figure. This fact can be observed when changing the desired values or parameters in the control strategy, the closed-loop system remaining stable. It is important to remark that the platform works with priority tasks, giving the highest priority to the control stability. 
Stabilization in free flight
This experiment is called semi-autonomous flight because the orientation is autonomously controlled by the ground control unit, while the translational movements are controlled by the pilot.
The control objective is to manually move the helicopter to a desired height, to keep it in a certain distance from the floor without using any feedback height control input.
The control parameters are shown in Table 2 . Figure  9 shows a picture of the helicopter hovering whilst in Figures 10 -12 the good performance of the proposed experiment can be observed. Notice that the pitch and roll errors are smaller in free flight than in the spinning top structure. This fact is due to the friction produced when the spinning top structure slips. In these figures, the dotted lines describe the desired value, while the solid line represents the measured value.
Similarly that in previous experiment, the desired yaw angle is changed using the following sequence 
• 65s ≤ t < 70s −20
• 70s ≤ t < 74s 0
• 74s ≤ t < 85s 80
• 85s ≤ t < 95s 0
Notice from the above that φ d at t = 85s changes abruptly and this fact can make unstable the system. Now, observe from Figure 12 that the system remains stable. This point is realized due to the priority given by the platform when executing the control law and also due to the velocity when sending the control signals.
CONCLUSION
A new test-bed platform has been presented in order to validate and improve the control for aerial vehicles. The platform is based on a ground control unit and an aerial system. RT-Linux and Partikle like O.S. have been used in order to implement the control strategies and to guarantee priority tasks. The proposed platform was validated by controlling the attitude of a helicopter with four rotors. Several tasks (modification of the control parameters and the desired values on line) were executed in order to perturb the system, and the experimental results have shown the good performance of the platform by stabilizing the helicopter even in presence of abrupt changes in the desired values. In addition, further developments are currently being implemented in the Partikle system.
